ABSTRACT Purified H-2Kk' incorporated into lipid vesicles induced a secondary allogeneic cytolytic T lymphocyte response. However, the level of the response was much less than that generated by using purified plasma membranes containing an equivalent amount of antigen. Similarly, reconstituted membranes stimulated less effectively than did intact plasma membranes. In both cases the stimulating activity of the antigen was increased by including a detergent-insoluble membrane matrix fraction during formation of the liposomes or reconstituted vesicles. Liposomes formed in the presence of the matrix were larger, were more irregular in shape, and had a higher density than those formed in its absence. Both the H-2 antigen and matrix proteins were incorporated into the same vesicles. The greater antigenicity of H-2 in vesicles containing the matrix protein might be due to either the larger size of the liposomes or interaction of the antigen with a' component(s) of the matrix.
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Generation ofa cytolytic T lymphocyte (CTL) response requires the recognition of cell surface antigens of the stimulator cells. The demonstration that purified membranes (1) and detergentsolubilized reconstituted membranes (2, 3) from stimulator cells are able to generate a specific in vitro secondary allogeneic CTL response has made it possible to-begin to examine the requirements for recognition at the molecular level. Purified HLA antigens (4) and partially purified'H-2 antigens (5) have been shown to stimulate a secondary CTL response when incorporated into liposomes. Similarly, liposomes containing the appropriate foreign antigens and H-2 will specifically stimulate secondary virus-specific (6-9) and tumor-specific (10, 11) responses.
Previous studies (2, 5) had demonstrated that reconstituted membranes could stimulate generation of an allogeneic CTL response, but the level of response was much lower than that obtained by using intact membranes. The results reported here demonstrate that activity comparable to that of intact membranes is obtained if the detergent-insoluble fraction of the membrane is not removed prior to reconstitution. Furthermore, including this isolated, detergent-insoluble fraction during incorporation of purified H-2K into liposomes results in liposomes that effectively stimulate an allogeneic response.
Examination of the detergent-insoluble fraction of plasma membranes from murine tumor and lymphoid cells has shown it to consist of a relatively small number of membrane proteins which remain selectively insoluble (12) . The major protein components are actin and proteins with molecular weights of70,000, 69,000, 38,000, and 36,000. '5'-Nucleotidase, a cell surface glycoprotein, also remains associated with the detergent-insoluble proteins. The proteins appear to form a matrix at the inner surface ofthe plasma membrane which is, in many respects, similar to the spectrin matrix of erythrocytes. Thin-section electron micrographs of the isolated detergent-insoluble matrix show it to be primarily in the form of closed structures similar in size to the plasma membrane vesicles it is obtained from. No unit membrane structure is apparent, consistent with the fact that detergent treatment removes most of the lipid.
Characterization of the liposomes formed in the presence of the detergent-insoluble matrix indicates that the H-2 antigen and matrix are incorporated into the same vesicles. Use ofthese highly antigenic liposomes will make possible further study of both the events occurring during generation ofa CTL response and the molecular requirements for recognition of the antigen.
MATERIALS AND METHODS
Mice and Cell Lines. (BALB/c X DBA/2)F1 (designated ''CD2F1") (H-2d), AKR (H-2k), and (C57BL/6 X A/J))F1 (designated B6 X AF1) (H-2ba) mice 6-12 weeks ofage were purchased from either Cumberland View Farms (Clinton, TN) or The Jackson Laboratory. The mouse leukemia cell lines RDM-4 (H-2k) and'YAC (H-2a) were maintained in AKR and B6 X AF1 mice, respectively. The mastocytoma P-815 (H-2d) was maintained in CD2F1 mice.
Plasma Membranes and Reconstituted Membrane Vesicles. P815 plasma membranes were prepared as described (1) . RDM-4 membranes were prepared as described (1) but without the sucrose gradient step to separate endoplasmic reticulum and plasma membrane. Reconstituted RDM-4 membranes were prepared with or without detergent-insoluble proteins. Membranes-were treated with 0.5% deoxycholate in 10 mM Trisbuffered saline (Tris/NaCl) with 0.2 mM phenylmethylsulfonyl fluoride (PhMeSO2F) (1 mg of membrane protein per ml) for 15 min at 4°C. The solution was then dialyzed and the reconstituted membranes were harvested as described for liposomes. Alternatively, after solubilization for 15 (12) . After 15-min incubation at 40C, the mixture was centrifuged at 100,000 X g for 45 min. The supernatant was discarded and the pellet was resuspended in PBES and centrifuged at 100,000 X g for 45 min. The washed detergent-insoluble pellet, approximately 25% of the initial membrane protein, was suspended in 0.5% deoxycholate/Tris/ NaCl and used immediately for liposome preparation.
H-2Kk Purification and Liposome Preparation. H-2Kk protein was purified from RDM-4 tumor cells by using a monoclonal antibody affinity column as described (13) Sucrose Density Gradient Centrifugation. Liposomes were prepared as described above except they were resuspended in 250 of ,ul Tris/NaCl/5 mM CaCl and were layered on top of a 17.25-ml 5-35% linear sucrose gradient with a 0.5-ml 50% sucrose cushion. The gradients were centrifuged for 18 hr at 18,000 rpm in a Beckman SW-27 rotor. Fractions (0.5-0.6 ml) were collected from the bottom ofthe centrifuge tubes. Sucrose concentrations were determined with a refractometer. Frac- tions were assayed for l25I-H-2Kk and also for 5-nucleotidase by the method of Avruch and Wallach (18) .
Gel Electrophoresis. Samples were analyzed by NaDodSOJ polyacrylamide slab gel electrophoresis after reduction in-5% 2-mercaptoethanol. Electrophoresis was with the buffer system of Laemmli (19) on a running gel consisting of a 5-15% polyacrylamide gradient. The gel was stained with Coomassie brilliant blue after electrophoresis. (H-2K Dk) membranes which plateaued at 2-5 x 105 cell equivalents. The maximal response for RDM-4 membranes was 4-to 5-fold greater than that obtained with H-2-lipid liposomes. The same results were obtained when stimulation by YAC (H2KkDd) membranes and H-2Kk-lipid liposomes were compared. A 2-fold increase or decrease in the lipid-to-protein ratio used for liposome formation did not make a significant difference in H-2 incorporation or stimulating activity of the lipo- somes. Beyond these limits, the amount of CTL stimulating activity decreased (data not shown).
CTL Stimulation by Reconstituted Vesicles. Previous work had shown that a similar loss of activity occurred upon solubilizing membranes with detergent, centrifuging at 100,000 x g to remove the detergent-insoluble material, and dialyzing to remove detergent from the soluble fraction to form reconstituted membranes (2) . Reconstituted membranes prepared this way did not stimulate as well as the original membranes (Table  2 ). Failure to incorporate significant amounts of H-2 into the reconstituted membranes was a possible explanation for this decreased stimulation ability. Experiments using trace amounts of radioactive H-2Kk to monitor reincorporation ruled out this possibility. The loss of activity was not due to H-2 remaining in the detergent-insoluble fraction because this fraction had little or no activity (Table 2) . Protein bands were stained with Coomassie brilliant blue. Liposomes were prepared as described in the text with the exception that the ratio was 100 pg ofdetergent-insoluble proteins per 10s cell equivalents of H-2Kk. After dialysis, the liposomes were harvested by centrifugation at 100,000 x g, resuspended in Tris/NaCl, transferred to another tube, and acetone precipitated as described (13 When the detergent-insoluble fraction ofthe membranes was included during reconstitution, the resulting reconstituted membranes were comparable to intact membranes in stimulating a CTL response ( Table 2 ). The detergent-insoluble fraction alone stimulated little or no response, nor did adding it to the same culture affect the response of reconstituted membranes formed in its absence. These results indicate that the presence of the detergent-insoluble matrix proteins in reconstituted vesicles results in more-efficient antigen recognition. CTL Stimulation by Liposomes Containing H-2Kk and the Detergent-Insoluble Matrix. Experiments were done to determine if the detergent-insoluble matrix proteins would have a similar effect on stimulation by purified H-2Kk in liposomes. The detergent-insoluble matrix fraction was isolated from P815 (H-2d) tumor cell membranes to avoid any possible contamination with H-2k. It was prepared by treating membranes with 0.5% Nonidet P-40. As seen for reconstituted membranes, H2Kk-containing liposomes formed in the presence of the detergent-insoluble proteins were much more antigenic than those prepared from only H-2Kk and lipid (Fig. 1) . Again, the detergent-insoluble proteins did not stimulate when incorporated into vesicles alone, nor did their presence in culture significantly affect the stimulation by H-2Kk liposomes not containing the-detergent-insoluble proteins. Fig. 1 also demonstrates that the. stimulating ability of liposomes containing detergent-insoluble proteins and H-2Kk is comparable to that generated by RDM4 membranes added to cultures at similar cell equivalents. Liposomes formed in the presence of 108 cell equivalents of H-2K and 150 ttg of detergent-insoluble proteins stimulated equally well when the lipid was varied from 100 to 300 nmol (data not shown).
The relatively poor stimulation obtained with liposomes containing only H-2 and lipid did not appear to be due to toxic or suppressive activity, as demonstrated by mixing experiments. In a representative experiment, 5 x 105 cell equivalents of H-2K" in lipid-liposomes stimulated a 5-lytic-unit response, and 3 X 105 cell equivalents of H-2K" in detergent-insoluble matrix-liposomes stimulated a 14-lytic-unit response. When the two types ofliposomes were added to the same culture together, the stimulation was additive, a 21-lytic-unit response.
It has previously been shown that CTL stimulation by membranes (1) and reconstituted membranes (2) Characterization of liposomes. The purified H-2Kk used in these experiments appeared as two chains on NaDodSO4 gels, one at 47,000 and one at 13,000 (Fig. 2, lane a) . These are the only polypeptides seen in liposomes prepared from lipid and H-2 (Fig. 2, lane b) . The detergent-insoluble matrix consists of major polypeptides of 70,000, 69,000, 42,000 (actin), 38,000, and 36,000 daltons (12) . All of these proteins were found in liposomes made from lipid and matrix proteins (Fig. 2, lane c) . Liposomes made with matrix, H-2Kk, and lipid contained all of, the matrix proteins and the H-2 heavy and light chains (Fig. 2,  lane d) . Preliminary experiments using papain to cleave exposed H-2 indicate that 70-80% of the antigen is accessible on the surface of both types of liposomes.
H-2Kk-containing liposomes formed in the presence and absence of detergent-insoluble proteins were analyzed by centrifugation on a 5-35% continuous sucrose density gradient. Liposomes containing just H-2Kk and lipid ran near the top of the sucrose gradient at a density s1.03 g/cm3 (Fig. 3A) . Liposomes made from H-2Kk, lipid, and detergent-insoluble proteins ran in a heterogeneous manner with the major peak at a density of 1.05-1.07 g/cm3 (Fig. 3B) Thin-section electron microscopy of liposomes prepared from H-2Kk and lipid showed them to be spherical unilamellar vesicles of relatively homogeneous size (Fig. 4) (20) (21) (22) .
The enhanced CTL-stimulating activity of liposomes containing the detergent-insoluble matrix does not appear to be due simply to greater antigen accessibility on the liposome surface. Both these liposomes and liposomes made from H-2 and lipid appear to have most of the antigen on the surface. Preferential exposure of MHC antigen on the outer surface of vesicles prepared by dialysis has been found in a number ofstudies (20) (21) (22) (23) (24) . Increased efficiency of uptake by adherent cells cannot account for the greater antigenicity of liposomes either. Adherent cells are required for generation of a secondary CTL response to iiposomes (25) but this requirement can be bypassed by addition of T-cell growth factor to the culture. The same enhanced stimulating activity of matrix-containing liposomes in comparison to liposomes containing just lipid and H-2 is seen when the responder population is depleted of adherent cells and T-cell growth factor is added to the cultures (unpublished results).
Two possible explanations can be suggested for the enhanced CTL-stimulating activity ofliposomes containing the detergentinsoluble matrix. The larger size and irregular shape of these vesicles may provide a greater area of contact between the liposomes and responder cells. Others have suggested that the size of subeellular material may be important in the generation of a CTL response (3). Another possibility is that an interaction between H-2 and one or more matrix proteins may affect the manner in which the H-2 proteins are oriented in the bilayer or the H-2 spacing on the membrane. Koch and Smith (26) have presented some evidence for an association between H-2 and actin, although a direct interaction was not demonstrated.
Hollander et al. (27) have demonstrated that liposomes can be specifically lysed by CTL. The liposomes used in that study were made by including a protein extract of human eye muscle during their formation. The resulting vesicles were large, 1-2 /im in diameter. The eye muscle protein extract used was not characterized but it is interesting to speculate that effective lysis of these large vesicles might be related to the greater effectiveness of the matrix-containing liposomes described here.
The ability to prepare liposomes having reproducibly high antigenicity has made it possible to begin to investigate the events occurring during generation of a CTL response (25) . Use of stimulating antigen in the form of liposomes offers several advantages in such studies including the fact that the liposomes can be easily separated from responder cells by differential centrifugation and the fate of the antigen in culture can be followed by using radioactively labeled H-2.
Investigation of the basis for the enhanced response to matrix-containing liposomes should provide a better understanding of the requirements for effective antigen recognition on cell surfaces. Such studies should also lead to a better understanding of how the plasma membrane matrix of lymphoid cells interacts with the lipid bilayer and, possibly, transmembrane proteins. Liposomes containing the membrane matrix may prove useful in other investigations of membrane protein function such as studies oftransport or membrane receptors where large vesicles or a membrane structure more closely approximating that of the native plasma membrane may be important.
